matter, to improve the soil structure. Also, the content of glomalin in the soil is a very important biological factor in this processes (Bedini et al. 2007, Gałązka and Gawryjołek 2015) .
Glomalins are soil glycoproteins produced by arbuscular mycorrhizal fungi (AMF) (Oehl et al. 2011) . Glomalins are thermostable, water-insoluble glycoproteins abundantly produced by the Glomus fungi and tend to accumulate in the soil that surrounds soil aggregates and protects them from destroying. These proteins have very unique physico-chemical properties performing a fundamental role in making soil structure. It is possible that glomalins are involved in the formation of hydrophobic properties of soil, improving water and air relations in soil. Glomalins occur widely in the soil and constitute a storage for carbon, the source of which is atmospheric CO 2 (Jamiołkowska et al. 2017) . The ability to produce and store glomalins in fungal filaments is characteristic only for arbuscular mycorrhizal fungi belonging to the order Glomerales, which includes the family Glomeraceae with the genus Glomus (Gillespie et al. 2011 ). In the natural environment, there is a large diversity of the AMF fungi (Wright et al. 1996) . Glomalins are located mainly on the surface of the filaments and spores of the AMF fungi, and as water-repellent, they probably cover the mycelium and protect it against degradation caused by other microorganisms . The structure of the soil and its chemical characteristics have a significant impact on the mycelium growth, and thus on the glomalin content (Schindler et al. 2007 ). Functionally, they are proteins connected with soil organic matter, belonging to glomalin-related soil proteins (GRSP) (Tahat and Sijam 2012) .
The aim of the present study was evaluation of glomalins content (total glomalin (TG); easily extractable glomalin (EEG) and glomalin-related soil proteins (GRSP)) in the soil under winter wheat from different crop production systems.
MATERIAL AND METHODS
The study was based on the long-term field experiment located on Haplic Luvisol soil at the Experimental Station of Institute of Soil Science and Plant Cultivation, State Research Institute (IUNG-PIB) in Osiny (Lublin voivodeship, Poland; 51°28'N, 22°30'E). The experiment involved four different cultivation systems: organic (ORG); integrated (INT); conventional (CON) and monoculture (MON). Winter wheat cv. Jantarka grew on all these fields. The ORG covered a crop rotation of: potato-spring barley-grass/clover mixture (1 st year) -grass/clover mixture (2 nd year) -winter wheat, with grass/clover compost (30 t/ha) and without mineral fertilizers. INT was based on the following crops: potato-spring wheat-faba bean-winter wheat with grass/clover compost (30 t/ha). CON was based on mouldboard ploughing (to 20 cm depth) and crop rotation of: winter rape-winter wheat-spring barley. MON consisted of monoculture of winter wheat each year. Soil samples were taken in summer (2015) (2016) , just before harvest, from the four soil's depths: 0-5, 5-10, 15-20 and 30-35 cm. The soil samples were sieved through a 2 mm sieve and shortly stored in 4°C until analysis. The glomalins content was determined according to the method of Wright et al. (1996) . The soil dehydrogenase activity was determined spectrophotometrically using the TTC (triphenyltetra zolium chloride) method (Polish Standard PN-EN ISO 23753-1, 2011). Microbial biomass was determined by the chloroform-fumigation-extraction method (Ghani et al. 2003) . The total number of AMF spores was evaluated according to the method of Phillips and Hayman (1970) . The content of the POM fraction was measured according to Gajda et al. (2017) . Soil organic matter content was measured by wet oxidation using the Tiurin method.
Statistical analyses were performed using the packet Statistica.PL (10) (Stat. Soft. Inc., Tulsa, USA). The analyses were carried out using the ANOVA method and the 95% confidence limit (P < 0.05) was chosen to indicate the significance of differences between the studied parameters of soil chemical and biological properties.
RESULTS AND DISCUSSION
The basic chemical parameters of grey-brown podsolic soil were presented in Table 1 . The soil taken from the ORG system was characterized by higher content of C org (17 g per 1 kg of soil) and N min = 61.1 kg/ha compared to soils from another crop production systems.
Plants growing in monoculture are usually accompanied by a decrease in soil fertility and productivity, and thus a drop in crop yields. Some studies suggest that growing plants in monocul-ture selects AMF fungi for no active symbionts, as in many cases, a yield decrease is observed under continuous use of this type of cultivation (Imadi et al. 2016) . It was found that crop rotation promotes a high variety of AMF types and higher yields of maize and soybeans, both with a higher nutrient content (Gałązka et al. 2017c ). The results of our study confirmed that the higher number of AMF spores and also the higher content of glomalins was observed in the ORG system and the lower in monoculture (Table 2) . Organic farming system, due to the exclusion of pesticides and fertilizers, does not cause contamination of soil and ground waters with xenobiotics (Olesen et al. 2011) . It also reduces leaching of nutrients from the soil and favours the biodiversity of soil microorganisms. Due to that fact that the system of organic growing is based on building a biological balance among all components of field ecosystems and ecosystems adjacent to them. Also the organic system is the most favourable system among the tested ones for the development of AM fungi and the increase in their glomalin production (Bedini et al. 2007 ). It was proven that cultivation system affects soil aggregation and the length of AM hypha (Driver et al. 2005) .
The conventional tillage stimulates the microbiological activity of the soil, which is evidenced by a higher number of microorganisms (Gałązka et al. 2017a ). Such stimulation is the result of breakdown of soil aggregates, and hence the exposure and oxygenation of the substances susceptible to degradation. On the contrary, tillage without crop treatments increases microbial activity at or near the soil surface (Gałązka et al. 2017b ). In addition, crop treatments, as well as a monoculture, do not favour the development of meso-and macro-fauna of mycorrhizal fungi. This type of tillage breaks macro aggregates, which have the highest rate of mineralization (Wang et al. 2017) . A strong positive correlation was observed between the total number of glomalin and dehydrogenase activity and organic matter (Table 3) .
Mycorrhizal fungi develop actively mainly in the non-tillage system . They can cause soil aggregation, increase water penetration, protection of organic matter against decomposition and soil resistance to erosion (Ngosong et al. 2010 ). Hence, a high concentration of glomalins occurs mainly in the undisturbed, organic systems, due to forming and maintaining sustainability of soil aggregates. The highest contents of total glomalin and GRSP protein were observed in the organic system (Figure 1) . The higher content of EEG was observed also in the organic system but no significant differ- Figure 1c ). Integrated cultivation system, involving a combination of different agricultural treatments, can interfere with the development of fungi, and thus reduce their production of glomalins, resulting in lower levels of this protein in the soil compared to the organic system .
In the conventional tillage system, where soil aggregates are broken and fungal hypha shredded, the content of glomalins in the soil is low (Schindler et al. 2007 ). The results of the determination of the glomalins total concentration can be confusing, as the method applied involves extracting the part of the soil organic fraction, which is extremely resistant to adverse conditions, not necessarily glomalins exclusively (Oehl et al. 2011) . Hence, GRSP became more reliable in assessing the sustainability of soil aggregates as their values may reflect actual content of glomalins in the soil (Wright et al. 1996) . In addition, high concentrations of GRSP and EEG indicate that easily-extractable glomalins fractions can clearly explain the relationship between the glomalins content and agricultural practices (Gillespie et al. 2011) .
Taking into account the soil layer, the highest content of glomalins was observed in 0-20 cm (Figure 2a-c) . Moreover, on the basis of the regression analysis, a strong correlation between TG and GRSP content was observed (r 2 = 0.87, r = 0.93) (Figure 3a) as well as between EEG and GRSP (r 2 = 0.63, r = 0.79) (Figure 3b) .
It is commonly known that the production systems affect the crop yields and crop quality by changing the properties of the soil. Continuous cultivation in monoculture decreases the yields, whereas using crop rotation increases the diversity of AMF types as well as it enhances yield and 1.4 quality of crops (Wright et al. 1996) . The results of our study confirmed that the highest yields of winter wheat were observed in CON (9.12 t/ha) and INT (9.04 t/ha) systems, whereas the lowest in monoculture (4.47 t/ha) ( Table 4) .
The soils used in this experiment were from one geographical area, which is why the differences between the influence of climate and composition of soil components and soil construction were omitted, assuming it was the same for all the samples. Therefore, the concentration of the obtained glomalins in individual cultivation systems reflects only the impact of the system on the development of the AMF fungi and on the increase of their glomalins production. The amount of glomalins produced by the AM fungi depends, among others, on a cultivation system. Organic system greatly increases the production of glomalins and their concentration in the soil, contrary to the integrated cultivation system and monoculture. 
